interactions, but these factors are difficult to disentangle without experimental manipulations. In 19 this study, we used observational and experimental approaches to investigate the role of 20 temperature and interspecific competition in controlling the structure of ground-foraging ant 21 communities in forests of the Siskiyou Mountains of southwestern Oregon. To assess the 22 potential role of competition, we first used null model analyses to ask whether species partition 23 temporal and/or spatial environments. To understand how thermal tolerances influence the 24 structure of communities, we conducted a laboratory experiment to estimate the maximum 25 thermal tolerance of workers and a field experiment in which we added shaded microhabitats and 26 monitored the response of foragers. Finally, to evaluate the roles of temperature and interspecific 27 competition in the field, we simultaneously manipulated shading and the presence of a dominant 28 competitor (Formica moki). The foraging activity of species broadly overlapped during the 29 diurnal range of temperatures. Species co-occurrence patterns varied across the diurnal 30 temperature range: species were spatially segregated at bait stations at low temperatures, but co-31 occurred randomly at high temperatures. The decreased abundance of the co-occurring 32 thermophilic Temnothorax nevadensis in shaded plots was a direct effect of shading and not an 33 indirect effect of competitive interactions. Thermal tolerance predicted the response of ant 34 species to the shading experiment: species with the lowest tolerances to high temperatures 35 showed the greatest increase in abundance in the shaded plots. Moreover, species with more 36 similar thermal tolerance values segregated more frequently on baits than did species that 37 differed in their thermal tolerances. Collectively, our results suggest that thermal tolerances of 38 3 ants may mediate competitive effects in habitats that experience strong diurnal temperature 39 fluctuations. 40
Introduction

41
A major goal of ecology is to identity the processes that control patterns of community 42 structure. At large spatial scales, historical processes determine properties of the regional 43 species pool (Ricklefs 2004 ), which in turn influence the composition of local communities 44 (Webb et al. 2002, Wiens and Donoghue 2004) . At smaller spatial scales, both abiotic filtering 45 (pH, temperature, water availability, etc.), and biotic interactions (interspecific competition, 46 parasites, herbivory, etc.) may operate to determine which species occur, and co-occur, together 47 within the local community (Weiher and hand, if tolerance to abiotic conditions is more important than biotic interactions, then species 57 can only occur if they possess specific ecological traits. When environmental conditions 58 primarily determine community membership, we expect to find positive associations of species 59 with similar traits across sites (e.g. Jackson et al. 1992) . 60 individuals of another species. Using the method of Fellers (1987) , the dominance index for each 153 species was defined as the percentage of times it was dominant during all instances of its attacks 154 and avoidances ( Table 1 ). Note that some dominance indices are based on only one observation; 155 however, the general pattern of dominance and bait occurrence displayed in Table 1 is consistent  156 with behavioral and occurrence data collected at 16 other sites in the region (Wittman 2007) . 157
Thermal Tolerance Experiment 158
We measured thermal tolerance of all eight species observed during the BACI shading 159 experiment (species listed in Table 1 ). We collected workers of each species from nest entrances 160 and vegetation that was well beyond the area of the shading experiment. Within four hours of 161 field collection, individual workers were exposed to slowly increasing temperatures in a VWR 162
Scientific heat block (Batavia, IL USA). Eight workers of each species were placed into 163 individual 1.5-mL microcentrifuge tubes and randomly assigned to a well within the heat block. 164
Temperature exposure began at 40°C and was increased in 2° intervals to 50°C. Individuals were 165 exposed to each temperature for 10 minutes, and the temperature was recorded when individuals 166 died or permanently lost muscle coordination. Each species trial was replicated six times. The 167 mean temperature of death for the eight individual workers was calculated as an index of thermal 168 tolerance for each species. 169
Shading and Species Removal Experiment 170
To determine if the reduction in T. nevadensis abundance in the shading experiment was 171 due to the direct effect of the shade or due to the indirect effects of changes in a competitively 172 dominant species, we conducted a full factorial shading and species removal experiment. Thethe 2004 BACI shading experiment. From the census data in the BACI shading experiment,Formica moki was the most widespread and behaviorally dominant species (Table 1), so it was  176 the focal removal species in 2005. We located F. moki nests by baiting with Keebler Pecan 177 Sandies™ and following workers to their nest. After locating 24 nests, we randomly assigned the 178 area around the nest entrance to one of the four treatments: 1) shading; 2) F. moki removal; 3) F. 179 moki removal and shading; 4) control (neither shading nor F. moki removal). Shading treatments 180
were the same as in the BACI shading experiment, but tarps were kept in place permanently to 181 allow more time for the application of the species removal treatments. As in the BACI shading 182 experiment, very few shade tarps covered nest entrances, and there was no evidence of nest 183 entrance relocation during the experiment. 184
We denied F. moki workers access to removal treatments by installing temporary fencing 185 and setting temporary "distraction" baits close to the nest entrance(s) to lure F. moki workers 186 away from the removal plots. Once treatments were in place, we sampled for a total of 7 days; 187 each sampling day was separated by 2-3 days. Baits were set at 07:30 and we sampled stations 188 every hour from 08:00 until 11:00. Data from one removal plot was not included in the analysis 189 because we were not able to successfully remove F. moki. Data from two control stations were 190 also excluded because foragers in these plots were affected by the "distraction" baits used in the 191 removal experiment. states were set as equiprobable, as time is assumed to be equally "available" to all species in the 215 absence of species interactions. If species are partitioning the time of day in which they are 216 active, then the niche overlap index should be smaller than expected by chance (i.e. smaller than 217 the indices generated from the null assemblages). 218
Spatial Partitioning-To determine whether species co-occurrence patterns were segregated oramong diurnal times and temperatures, we analyzed species occurrence patterns during one 222 sampling period in the morning, afternoon, and evening. Presence-absence matrices were 223 constructed with species (n = 1 to 9) as rows and bait locations (n = 25) as columns. A total of 48 224 (3 times of day × 16 replicates) matrices were evaluated. 225
We used the C-score of Stone and Roberts (1990) to evaluate species co-occurrence 226
patterns. This score measures the average number of "checkerboard units" of all species pairs of 227 an assemblage. Each checkerboard unit is calculated by (r a -S)(r b -S) where S is the total 228 number of 'sites' (e.g. bait locations) shared by the species pair, and r a and r b are the row totals 229
for species a and b, respectively. Species that always occur together (complete aggregation) will 230 have a C-score of zero. The greater the segregation in species, the larger the C-score will be. 231
Observed C-scores were compared to average C-scores generated from 5,000 randomized 232 matrices. Null assemblages were created in EcoSim using a fixed-equiprobable model (SIM2), 233
an algorithm robust to both Type I and Type II error (Gotelli 2000) . 
BACI Shading Experiment 245
Differences in abundance between shade and control groups were evaluated with a 246 randomized block ANOVA. Shade was considered to be a fixed effect, and analyses were run 247 separately for each week, i.e. during times when all stations were unshaded (weeks I and II) and 248 during times when half of the stations were shaded (weeks III-V). We estimated abundance as 249 both bait occurrence and abundance. Bait occurrence values were defined as the number of baits 250 visited by different species, regardless of the number of workers present. Abundance was defined 251 as the total number of workers recorded at baits, and was log transformed to meet assumptions of 252 ANOVA. We analyzed the abundance of all species combined as well for the abundance of T. 253 nevadensis, the only species common enough to analyze separately. 254
Thermal Tolerance Experiment 255
We evaluated differences in thermal tolerances among species with a one-way ANOVA, 256
and compared individual species' responses with Tukey's Honest Significant Difference (HSD) 257 test. We also determined whether laboratory-determined thermal tolerance values were 258 representative of foraging behavior observed in the field. Using each species as an observation, 259
we regressed thermal tolerance against the observed temperature of maximum foraging activity 260 of each species. A positive relationship with a slope = 1 would suggest perfect correlation 261 between thermal tolerance and foraging activity. 262
To determine whether thermal tolerance predicts how species respond to shade additions, 263
we first quantified the change in abundance of each species after application of shade tarps as the 264 average percent change in worker numbers in the treatment plots from the unshaded periodconfounded with any unmeasured variable that varied through time, we also calculated the 267 change in abundance of all species in the control plots through time (= average percent change in 268 abundance of control plots from weeks I-II to weeks III-V). Using each species as an 269 observation, we regressed the change in abundance after shade application (treatments) and 270 through time (control) against thermal tolerance. We used a randomization test implanted in 271
EcoSim (Gotelli and Entsminger 2006) to test for the statistical significance of the slope. 272
To test whether species with similar traits were more likely or less likely to co-occur, we 273 paired the thermal tolerance results with analyses of species co-occurrence. We quantified co-274 occurrence patterns of each species pair at the SE site. Matrices consisted of 2 rows (=species) 275 and 15 columns (=baits). A species was considered "present" if it occurred at the baits at any 276 sampling period during the initial, unshaded portion. We used the same null model parameters 277 as in the previous co-occurrence analysis. Using each species pair as an observation, we 278 regressed the absolute difference in thermal tolerance against the SES values from the co-279 occurrence analyses. If species with more similar traits co-occur more often than expected by 280 chance (large negative SES values), then we expect a positive relationship between similarity in 281 thermal traits and SES values. If species with more similar traits co-occur less often than 282 expected by chance (large positive SES values), then we expect a negative relationship between 283 similarity in thermal traits and SES values. 284
Shading and Species Removal Experiment 285
We performed a two-way ANOVA with shade and removal of F. moki as fixed effects on 286 the abundance of F. moki and T. nevadensis. Abundance values were log-transformed to meet 287 assumptions of ANOVA. We used a two-factor factorial nominal logistic model to investigate greater in shaded plots than in control plots during Week IV (mean workers number ± SE = 30.9 334 ± 7.63 in control plots, 151.6 ± 42.3 in shade plots; F 1,14 = 5.36, P = 0.039), and there was a trend 335 of greater worker numbers in shaded plots during Week V (45.9 ± 23.3 in control plots, 112.2 ± 336 31.6 in shade plots; F 1,14 = 4.42, P = 0.057). On average, half as many Temnothorax nevadensis 337 workers recruited to shaded vs. control baits during shading weeks (Week III: F 1,10 = 222.00, P < 338 0.001; Week IV: F 1,10 = 7.07, P = 0.045; Week V: F 1,10 = 7.57, P = 0.04; Fig. 2 ). There was no 339 difference in T. nevadensis abundance between control and treatment baits during the two-week 340 pre-treatment period (Week I: F 1,10 = 1.52, P = 0.272; Week II: F 1,10 = 0.12, P = 0.741; Fig. 2) . 341
Thermal Tolerance Experiment 342
The average maximum temperature tolerances ranged from 44.0 to 48.1°C (Fig. 3) . 343
Aphaenogaster occidentalis was the least thermally tolerant species and Temnothorax 344 nevadensis, Crematogaster coarctata, and Liometopum luctuosum were the most thermally 345 tolerant (Fig. 3) . Thermal tolerance measured in the laboratory was marginally associated with 346 maximum foraging temperatures observed in the field (observed r = 0.524, mean of simulated = -347 0.025, P = 0.073). 
Shade and Removal Experiment 359
Removal treatments were successful, as 94.8% fewer F. moki workers were present at 360 baits in removal plots than at baits in control plots (mean workers number ± SE = 13.9 ± 2.42 in 361 control plots, 0.69 ± 0.87 in removal plots; F 1,15 = 20.29, P < 0.001). There was no effect of 362 shade (7.5 ± 2.3 in control plots, 7.0 ± 2.4 in shade plots; Our study provides evidence that physiological thermal tolerance predicts how ant 387 species respond to changes in their thermal environment: the less thermally tolerant a species 388 was, the greater was its change in abundance after shade additions (Fig. 4) . Due to the short 389 duration of the shading experiment, the abundance changes we documented likely are not 390 measures of change in population size of ant colonies, but rather measures of changes in foraging 391 behavior at baits. Because abundance was quantified as the sum of workers observed throughout 392 the day, if a species increased recruitment or total time spent foraging at a bait, it would be 393 recorded as an overall increase in abundance. Thus, we conclude that shading most greatly 394 impacted the foraging behavior of species most physiologically restricted by temperature (Fig 4) . 395
That thermal tolerance predicted changes in foraging abundance to shade additions is 396 striking, considering the relatively small differences in thermal tolerance (Fig. 3) , the small size 397 of shade tarps (0.25 m 2 ), which rarely covered nest entrances, and that physiologically driven 398 responses were not drastically altered by any competitive interactions. Thermal control of 399 forging activity is also very apparent in T. nevadensis, as evident in both the BACI shading 400 experiment (Fig. 2) and the shading and removal experiment (Table 2, Fig. 6 ). Although its 401 abundance increased in the removal experiment (Fig 6) , interactions between shading and F.competitors (Fig. 6) . 404
Temperature determined when species were generally active (Results: Temporal Niche 405 Overlap), setting the stage in which competitive interactions occurred. Co-occurrence patterns 406 differed during different times of day, with more segregation across baits during cooler times of 407 day (Fig. 1) . When fewer species were active in the hot afternoon, we found random co-408 occurrence patterns. Our sites appeared structurally homogenous, we found little variation in 409 Thermal tolerance also influenced patterns of species co-occurrence. Species pairs more 418 similar in thermal tolerances showed greater segregation at baits (Fig. 5) . These results make 419 sense, given (1) the strong connection between thermal tolerance and the ability to forage in the 420 thermal environment (Fig. 4) ; (2) that activity levels are broadly defined by temperature 421 (Results: Temporal Niche Overlap); and (3) that competitive interactions were more prevalent 422 during times of greatest activity level ( Table 1 for species abbreviations). 607 608 Figure 5 . Relationship between similarity in thermal tolerance and patterns of co-occurrence 609 between all species observed at one local site. Points represent unique species pairs; see Table 1  610 for species abbreviations. Similarity in thermal tolerance was calculated as the absolute 611 difference in laboratory measured thermal tolerance values. Co-occurrence patterns were 
